We introduce an explicit representation of Antarctic ice shelf cavities in the Estimating the Circulation and Climate of the Ocean, Phase II (ECCO2) ocean retrospective analysis; and compare resulting basal melt rates and patterns to independent estimates from satellite observations. Two simulations are carried out: the first is based on the original ECCO2 vertical discretization; the second has higher vertical resolution particularly at the depth range of ice shelf cavities. The original ECCO2 vertical discretization produces higher than observed melt rates and leads to a misrepresentation of Southern Ocean water mass properties and transports. In general, thicker levels at the base of the ice shelves lead to increased melting because of their larger heat capacity. This strengthens horizontal gradients and circulation within and outside the cavities and, in turn, warm water transports from the shelf break to the ice shelves. The simulation with more vertical levels produces basal melt rates (1735 6 164 Gt/a) and patterns that are in better agreement with observations. Thinner levels in the sub-ice-shelf cavities improve the representation of a fresh/cold layer at the ice shelf base and of warm/salty water near the bottom, leading to a sharper pycnocline and reduced vertical mixing underneath the ice shelf. Improved water column properties lead to more accurate melt rates and patterns, especially for melt/freeze patterns under large cold-water ice shelves. At the 18 km grid spacing of the ECCO2 model configuration, the smaller, warm-water ice shelves cannot be properly represented, with higher than observed melt rates in both simulations. Key Points: Explicit representation of ice-shelfocean interaction in an ocean reanalysis Compare modeled basal melt rates and pattern to estimates derived from satellite data Evaluate sources of error in explicit representation of ice shelf ocean interaction Correspondence to: M. P. Schodlok, schodlok@jpl.nasa.gov Citation: Schodlok, M. P., D. Menemenlis, and E. J. Rignot (2016), Ice shelf basal melt rates around Antarctica from simulations and observations,
Introduction
The Antarctic Ice Sheet loses mass through iceberg calving at the ice shelf front and basal melt at the base of the ice shelves. The latter is a larger contribution by 20% and has a larger impact on local water mass formation. On the one hand, ice shelves, which comprise about 45% of the Antarctic coastline, provide heat and freshwater fluxes through basal melt at the ice-shelf-ocean interface, transforming water masses in the sub-ice-shelf cavity and on the continental shelf. These water masses subsequently constitute an important part of deep and bottom water mass formation on the southern continental shelf and beyond [Foldvik et al., 1985; Hellmer et al., 2005; Schodlok et al., 2008] . Icebergs, on the other hand, float away from their region of calving and provide heat and freshwater fluxes farther away from the ice shelf, constituting local sources for, e.g., bio-productivity [Smith et al., 2007] , but not contributing to water mass formation near the ice-shelf-ocean interface. One exception is when icebergs become grounded, in which case they can impact continental shelf circulation with consequences to exchanges between continental shelf and ice-shelf cavity water masses [Grosfeld et al., 2001] , hence changing ice-shelf-ocean heat and freshwater fluxes and the ice-shelf mass balance.
Previous studies [e.g., Gille, 2002; Jacobs, 2006; Schmidtko et al., 2014] have reported significant recent changes in Southern Ocean water masses. The general trends are toward increased temperature and decreased salinity, which might cause or result from increasing Antarctic Ice Sheet mass loss, changes in precipitation, sea ice formation, wind regime and associated changes in ocean and atmosphere circulation. To quantify the ocean contribution to the mass loss of the Antarctic ice sheet, we need to investigate and understand the mechanisms of heat and freshwater fluxes between the open ocean and the ice shelf cavities and the impact of these fluxes on basal melt patterns and rates. Improved quantification and understanding of ice-shelf-ocean interaction will enable better description and prediction of the impact of ice shelves on ice sheet mass balance and global sea level change. Changes in ice shelf thickness and highest melt rates are found in the Southeast Pacific Sector of the Antarctic Continent, ranging from George VI to Getz Ice Shelf (IS). On slow-moving to nearly stationary ice shelves like the Wilkins, George VI, Abbot, and Sulzberger IS, basal melting entirely consumes the inflow of individual glaciers within a few kilometers of their grounding zones. High melt rates are also revealed in the grounding zones of the Amery, Moscow University, Shackleton, and Totten IS in East Antarctica. Another finding is a complex spatial pattern of ice shelf melt water production around the continent, with an outsized contribution of smaller, fast-melting ice shelves in West and East Antarctica.
The RJMS freeze/melt distribution shows strongest basal melting near the grounding line/zone of the major ice shelves/glaciers and also along the ice fronts of some of the larger ice shelves. While the larger ice [Haran et al., 2005] .
Journal of Geophysical Research: Oceans 10.1002/2015JC011117 shelves exhibit basal freezing and marine ice formation (negative melt rate), this only occurs in a few of the smaller, cold-water ice shelves. Freezing is often concentrated on the western sides, which is consistent with the physical processes of the ice pump, formation of ice shelf water, and its subsequent circulation in the sub-ice-shelf cavity. Meltwater production from several small East Antarctic ice shelves in the Wilkes Land sector is surprisingly large. Area-averaged melt rates from Dibble through Vincennes are comparable to Amundsen Sea ice shelf melt rates from Crosson through Land, while meltwater produced by Shackleton and West IS rivals that from Thwaites and Sulzberger IS.
Circumpolar Model Configuration
The ECCO2 project produced a global-ocean and sea-ice data synthesis by constraining a global-ocean configuration of the Massachusetts Institute of Technology general circulation model (MITgcm) ] to a comprehensive compilation of the available ocean and sea ice data. The ocean/sea-ice model has horizontal grid spacing of approximately 18 km with 50 vertical levels in its original set up, whereby 20 levels are within the top 320 m. The model is volume conserving and uses a C-Grid finite volume discretization. The ocean component of the MITgcm is coupled to a sea ice model, as described in Losch et al. [2010] . In this study we used a circumpolar Southern Ocean domain from the global ECCO2 configuration in order to reduce computational cost while exploring the impact of ice-shelf-ocean interaction. Freezing/melting processes in the sub-ice-shelf cavity are represented by the three-equation thermodynamics of Hellmer and Olbers [1989] with modifications by Jenkins et al. [2001] and implemented in the MITgcm by Losch [2008] . Exchanges of heat and freshwater at the base of the ice shelf are parameterized as diffusive fluxes of temperature and salinity using a constant friction velocity and the turbulent exchange coefficients of Holland and Jenkins [1999] .
In a first simulation (referred to as L050) the vertical and horizontal resolutions remain the same as in the global ECCO2 model configuration. In a second simulation (referred to as L100) we double the number of vertical levels to 100 in order to accommodate higher vertical resolution in the depth range of the ice shelf cavities and the continental shelf (200-1200 m).
The bathymetry (Figure 2 , left) is a blend of Smith and Sandwell [1997] v14.1 and, south of 608S, the International Bathymetric Chart of the Southern Ocean (IBCSO) [Arndt et al., 2013] . The latter includes the best possible data available in the ice shelf cavity (i.e., BEDMAP2) [Fretwell et al., 2013] and the most recent shipbased observations on the continental shelf.
With the chosen horizontal grid spacing, 50 ice shelves and glaciers are represented with at least 2 model grid points. Ice shelf thicknesses (Figure 2 , right) are from Griggs and Bamber [2011] and grounding line locations from Rignot et al. [2011] . Interpolation onto the grid leads to under/overestimation of the ice shelf area compared to observed areas (see Table 1 ) due to the location of the grounding line with respect to the center of the grid cell. Ice front melting is not represented in this model set up as the ice front area is small compared to the area of the ice shelf base.
The MITgcm uses the partial cell formulation of Adcroft et al. [1997] to accurately represent the shape of the sea floor, the continental slope, and the base of ice shelves. Some adjustments to bathymetry and ice shelf thickness are necessary in areas with negative water column thickness (e.g., Totten Glacier) to allow exchange of water between the ice shelf cavity and the continental shelf. We apply a bottom boundary layer scheme that allows downslope flow of dense water masses into the abyss while limiting artificial numerical mixing due to the size of the vertical grid cells. Tidal forcing is not included.
In modeling ice-shelf-ocean interaction, we use the steady-state assumption where basal melting or freezing is balanced by glacier flow, and the ice shelf is treated as a rigid slab of ice with no flexural response or change of shape. Mass loss through calving of icebergs at the ice shelf front is assumed to be 2016 Gt/a [Jacobs et al., 1992] , which is used in the ECCO2 project, and is different to the value estimated by Rignot et al. [2013] . This amount is added as surface freshwater flux near the Polar Front of the Antarctic Circumpolar Current (ACC), and the freshwater input due to iceberg melt is estimated to be small on the continental shelf [Schodlok et al., 2006; Jansen et al., 2007] . Hence, areas of interest are not likely to be affected by choosing the larger value. No estimates of glacial runoff exist for the ice shelf grounding lines nor the coastline in areas without ice shelves.
Initial and lateral boundary conditions are provided by the so-called ''cube92'' global-ocean and sea-ice ECCO2 simulation. Temperatures and salinities of the sub-ice-shelf cavities are prescribed where observations are available; otherwise the initial conditions are extrapolated from the cube92 initial conditions at the mouth of the cavities. The L050 and L100 simulations are started in 1992 and integrated to 2013, followed by a second set of integrations for the 1992-2013 period. As the cavity temperatures and salinities need Journal of Geophysical Research: Oceans 10.1002/2015JC011117 adjustment from initial conditions, the first 22 years are taken as spin-up and only the second cycle is used for analysis. Under the large ice shelves temperatures and salinities of the cavities reached quasi-steadystate within the first few years of integration. The boundary conditions for sea ice and ocean include temperature, salinity, and horizontal velocity fields. Surface forcing fields are from the Japanese 25 year Reanalysis and the Japan Meteorological Agency Climate Data Assimilation System (JRA-25 and JCDAS) [Onogi et al., 2007] .
The 18 km horizontal grid spacing of the model cannot resolve eddy activity on the Antarctic continental shelf and near the ice shelves; hence eddies are parameterized using the Redi [1982] and Gent and McWilliams [1990] schemes. We use the flux-limited, seventh-order, monotonicity-preserving advection scheme of Daru and Tenaud [2004] and horizontal viscosity follows the modified Leith scheme of Fox-Kemper and . Bottom-drag is quadratic, side-drag is free-slip, and vertical viscosity and diffusivity are parameterized according to the K-profile parameterization (KPP) of Large et al. [1994] .
Circumpolar Model Results
In this section, we present the main circumpolar model characteristics, that is, the large-scale ocean circulation, water mass properties, and sea ice distribution and thickness.
Ocean Circulation
The main features of the large-scale Southern Ocean circulation include the ACC, and the Weddell, Ross, and Kerguelen Gyres. Drake Passage transport is used to indicate the strength of the ACC. Estimates of Drake Passage transport range from 133.8 6 11.2 Sv [Whitworth, 1983; Whitworth and Peterson, 1985] to 154 6 38 Sv [Firing et al., 2011] . The simulated mean Drake Passage transports are 136 6 7 Sv for L050 and 149 6 6.4 Sv for L100. The L050 transport shows a drift of 0.4 Sv/yr. This drift is caused by a freshening of Antarctic continental shelf waters in L050 due to an overestimation of melt rates. The enhanced freshwater input raises sea level near Antarctica, reduces the meridional sea level gradient, and hence reduces Drake Passage transport.
The simulated Southern Ocean Gyres (Weddell, Ross, and Kerguelen, Figure 3 ) are less symmetric, more elongated, and shifted to more southerly locations compared to previous modeling studies [e.g., Beckmann et al., 1999; Timmermann et al., 2002] . The double cell structure of the Weddell Gyre, as shown by observations and model studies [Mosby, 1934; Beckmann et al., 1999] , is reproduced in the simulations as a seasonal and interannual feature and less disctinct in the mean shown in Figure 3 . The western cell is smaller in size and transport compared to the larger more elongated eastern cell, and is more pronounced in L050. For L100 both cells are lower in magnitude (east: 50.5 6 9 Sv, west: 42. The Ross Gyre transport (L100: 33.5 6 8 Sv, L050: 37.8 6 8 Sv) is larger than in previous model estimates (e.g., 20 Sv) [Assmann and Timmermann, 2005] while the Kerguelen Gyre (L100: 12.5 6 9 Sv, L050: 17 6 11.5 Sv) is less well defined as a gyre and also low in transport (compare with, e.g., 45 Sv, Beckmann and Timmermann [2001] ).
Water Masses
In this section, we evaluate the simulated Temperature and Salinity (T/S) characteristics and the volume of major water masses in the Weddell Sea. The water mass structure of the circumpolar model domain reflected in the T/S diagram ( Figure 4 ) reveals the main differences between the two runs and the World Ocean Atlas 2009 (WOA09) [Locarnini et al., 2010; Antonov et al., 2010] . The T/S diagram shows the improvements of doubling the number of vertical levels in the water mass structure on the continental shelf. While surface water masses (Antarctic Surface Water, AASW) and warm intermediate water masses (Circumpolar Deep Water, CDW) are well represented, High Salinity Shelf Water (HSSW, see water mass definitions in Table A1 , Appendix A) is underrepresented in both model simulations. Although the sea ice model produces dense water masses through brine rejection on the continental shelf, the generated water mass remains in the Low Salinity Shelf Water (LSSW) class for L050. For L100, the salinity of sea-ice affected waters increases toward salinities in the lower salinity class of HSSW ( Figure 4 ). The volume of LSSW in the Weddell Sea is larger for L050 compared to L100 ( Figure  5 ); HSSW is almost absent in L050. In L100, HSSW is mainly present in the lower salinity class compared to observations. The lack of higher salinities in HSSW has consequences for bottom water production, which is missing in L050. In fact, Weddell Sea Bottom Water (WSBW) is gradually eroded during the integration [see also Dotto et al., 2014] . WSBW is not replenished by sea ice formation and mixing with WDW (Warm Deep Water); instead it forms a less dense water mass that descends to mid depths to form WSDW (Weddell Sea Deep Water) class waters. In the case of L100 the volume of WSBW is renewed and hence its volume maintained ( Figure 5 ). and a maximum in 2001. The later part of the time series shows no distinct minimum but rather a period of low LSSW formation. The seasonal cycles of HSSW and LSSW show a lag of about 2 months for LSSW with respect to HSSW. It remains to be seen whether this is a transformation of HSSW into LSSW or independent formation processes.
Sea Ice Properties
Sea ice area and extent (defined where the sea ice concentration is larger than 15%) are well represented in both the L050 and L100 simulations for seasonal ( Figure 6 , right) as well as interannual variability (not shown here). The mean sea ice area in L100 of 10:2310 6 km 2 (sea ice extent: 12:13310 6 km 2 ) is 2.1% (2.9%) larger than SSM/I-derived values. While the interannual variability of sea ice area and extent matches observations, the seasonal cycle is slightly offset ( Figure 6 ). The September sea ice maximum occurs 5 days later and February sea ice minimum 13 days later than observed. The disintegration of the sea ice occurs quicker compared to SSM/I data but the growth phase of sea ice is comparable.
There are longer periods of stagnation in the maximum/minimum phase. The steeper freezing and melting of sea ice is caused, in part, by the zero-layer thermodynamic sea ice model, which does not account for sensible heat storage in the ice [cf. Losch et al., 2010, Figure 7 ]. The September sea ice area minimum is lower by 20% and the maximum February sea ice area is larger by 14%. The circumpolar sea ice edge with concentrations less than 50% is only slightly overestimated in September (2%); in February the extent is lower by 14%. The largest differences in simulated summer sea ice area compared to SSM/I data are found in the Pacific Ocean sector (35% overestimation) and the Amundsen-Bellingshausen Sea sectors (46% overestimation). For September sea ice areas, the largest differences occur in Indian and Pacific Ocean sectors with, respectively, 12% and 15% overestimation. The smallest differences in February and September sea ice area are found in the Weddell Sea sector with lower values in L100 compared to L050. Sea ice production between simulations differs by about 8% (L050 > L100). Sea ice thickness is larger by up to 22 cm in the north-western Weddell Sea (Weddell Scotia Confluence) for L050 and by up to 57 cm in the southern Weddell Sea for L100 (not shown here). This shift in ice volume between L050 and L100 primarily results from the stronger Weddell Gyre circulation of L050.
Ice Shelf-Ocean Interactions
The mean L100 circumpolar melt rate of 1735 6 164 Gt/a is consistent within error bars with the 1325 6 235 Gt/a derived from satellite observations by RJMS ( Figure 7 and Table 1 ). In the L050 simulation, Figure 5 . Weddell Sea water mass volume of (a) High Salinity Shelf Water (HSSW, black) and Weddell Sea Bottom Water (WSBW, gray) for the period 1992-2013 for simulation L100 and (b) Low Salinity Shelf Water (LSSW) for simulations L050 (gray) and L100 (black). [Dansereau et al., 2013] , the discrepancy to observations in terms of melt rate and pattern is expected to be larger.
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The temporal variability of basal melt on daily to interannual time scales is largest near the ice shelf front. Although melt rates at the grounding line are highest, their temporal variability is small. Even with better-resolved ice shelves, the large variability at the ice shelf edge is not easily transferred to the grounding line [e.g., Schodlok et al., 2012] . Khazendar et al. [2013] showed that coastal polynya and sea ice formation associated with them, alter the dense shelf waters that can enter the sub-ice-shelf cavities. This changes the heat content available for basal melt. In the L050 and L100 simulations, coastal polynya formation is restricted to a small number of places, e.g., off the Ronne IS. In other areas with observed polynya formation, the horizontal resolution is too coarse to allow a coastline representation that favors polynya formation, e.g., off Sabrina Coast near Journal of Geophysical Research: Oceans 10.1002/2015JC011117 Totten Glacier. Also, the coarse horizontal grid spacing (125 km) of the surface forcing does not resolve katabatic winds, which limits the capability to model polynya formation.
In the following section, we present more detailed basal melt rates in the Southern Ocean sectors defined by Zwally et al. [2002] with the exception that the eastern bound of the Weddell Sea Sector is slightly modified to include all ice shelves located along the coast of Queen Maud Land, i.e., it is 458, here as opposed to 208, in Zwally et al. [2002] . 
Weddell Sea
The Weddell Sea sector comprises two distinct regions, the Southwestern and the Eastern Weddell Sea. The Eastern Weddell Sea Ice Shelves (EWIS) include those ice shelves that have a narrow continental shelf just to the north. They are in close vicinity to WDW, which is a potential source of heat that may enter the cavities (as shown by, e.g., Nicholls et al. [2006] ) and contributes to basal melting. In the southwestern Weddell Sea a wide continental shelf with cold water masses may shield the sub-ice-shelf cavities from WDW.
The major ice shelf in this sector is the Filchner Ronne IS. Its melting and freezing pattern is similar (L100) not only compared to the recent RJMS pattern, but also to the one estimated by Joughin and Padman [2003] . The Ronne IS shows basal melting close to the grounding line in the deep channels, as described in RJMS, and considerable refreezing of marine ice near the Henry and Korff Ice Rises. The area-averaged melt rates are larger than observations in L050 (0.86 6 0.14 m/a) because of an area of very high melt to the west of Berkner Island. In L100, the areas of melt and freeze are similar in size leaving a lower average (0.20 6 0.02 m/a), which is below observed values (0.30 6 0.1 m/a). However, the melt and freeze patterns match better in L100, with the spatial minima and maxima being smaller in magnitude by about 2 m/a (Figure 8, left column) .
Compared to observations the Filchner IS melting is better represented in simulation L100 (Figure 7 and Table 1 ). A mass loss of 534 6 40 Gt/a in L050 means an overestimation by a factor of 10. In contrast, a mass loss of 48.6 6 4.7 Gt/a in L100 is closer to the RJMS estimate of 41.9 6 10 Gt/a. This, in turn, has consequences for the Larsen IS, which is located downstream. The larger amount of fresh and cold water in L050 may contribute to a smaller influence of WDW on continental shelf waters, i.e., there is less heat available that can add to Larsen IS melting. The melt rate for Larsen-C as the largest portion of the ice shelf is 0.17 6 0.04 m/a in L050. By reducing this amount of fresh and cold water in L100, the melt rate of Larsen-C IS increases to 1.47 6 0.24 m/a. This is contrary to most ice shelf melt rates, which decrease with increasing vertical levels. Larsen-C IS mass loss increases from 10.4 6 2.6 Gt/a in L050 to 87.0 6 14.2 Gt/a in L100 compared to 20.7 6 67 Gt/a in RJMS. The melt pattern of Larsen-C IS, however, shows little resemblance to RJMS, who reveal a large area of marine ice formation in the southern part of the ice shelf. The model includes refreezing in the northern part and a small area in the southern part close to the Larsen-D IS. This is due to inflowing water masses that originate from the southern Weddell Sea continental shelf.
Temperature and salinity characteristics of the water masses in the Filchner-Ronne cavity are different between the two runs (Figures 9 and 10a ). In L050, the Filchner and Ronne parts of the cavity are well separated, with higher temperatures and salinities in the Filchner part and lower temperatures and salinities in the Ronne part. Exchanges between the Filchner and Ronne cavities are seen in the T/S mixture between the two cavities. In L100, the T/S characteristics are more compact and the two subcavities cannot be distinguished in the T/S diagram (Figure 10a ). Furthermore, the L100 T/S values are well below the surface freezing point temperature at higher salinities. With increased melting in the Filchner Ronne Cavity in L050, the T/S curve is stretched to lower salinities. At the higher salinity part of the L050 T/S characteristics, the warmer WDW is able to enter the cavity leading to temperatures of around 218C. The water column in the L050 cavity is more heterogenous and more stratified stretching the T/S characteristics over a larger density range. In L100, the water column is more homogeneous below the surface freezing point temperature (T f ) in most parts of the cavity, except at the ice shelf front where warmer surface water masses (T >T f ) lead to melting ( Figure 10) .
A section along the Filchner Trough from the deep Weddell Sea into the Filchner cavity (Figure 9 ) illustrates the differences of water mass characteristics on the continental shelf and in the cavity. T/S Measurements south of Berkner Island [Nicholls et al., 2001] indicate cold temperatures below the surface freezing point with little seasonal variability [Nicholls, 2004] over the entire water column. Considering the deep cavity part The water column on the continental shelf shows the stratified ocean with a distinct pycnocline in L050, while L100 shows the more mixed, homogenous water column. Both simulations show a strong frontal component at the continental shelf break. The structure of L100 resembles the frontal structure shown in Nicholls et al. [2003] more closely. It is likely that due to the misrepresentation of the frontal structure in L050, more warm water can penetrate onto the continental shelf and into the cavity, hence an increase in basal melt.
EWIS consists of a series of small ice shelves. It is unclear whether the sub-ice-shelf cavities are linked or separated from each other by bathymetric features. As only a few of these ice shelves are well studied (e.g., Fimbulisen) [Hattermann et al., 2012] the geometry of most cavities is not well known. The mean modeled melt rate of this part is 1.13 6 0.32 m/a for L100 and 1.33 6 0.32 m/a for L050 compared to 0.46 m/a for RJMS. The Temperature and Salinity variability along the coastal current on the continental shelf in front of the Weddell Sea ice shelves is not large and thus the mean melt rates along these ice shelves rather is uniform. The T/S characteristics of L050 and L100 in the cavities of the eastern Weddell Sea are not distictly different ( Figure 10 ), hence the reduction of basal melt rate by 0.3 m/a from L050 to L100 is due to the thinner levels in the L100 cavity. Thinner levels mean that less heat is available to contribute to melting at the base of the ice shelves. Journal of Geophysical Research: Oceans
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All 12 ice shelves located in the eastern Weddell Sea show a positive trend (both runs) in basal melt rates for the period 1992-2013. This trend is in agreement with a warming trend of the WDW [Smedsrud, 2005] and is a likely reason for the increase in basal melting of Fimbulisen.
Indian Ocean Sector
The melt rate in the Indian Ocean Sector ranges from 0.22 m/a to 2.54 m/a and has the smallest deviation from observed mean melt rates (1.24 m/a in L100 versus 1.09 m/a in RJMS). The smaller ice shelves, Rayner and Edward 8, have negligible melt rates, which is due to the size of the ice shelves on the model grid. In the observations, these two ice shelves have the highest melt rates (10 m/a) in this sector but the freshwater contribution (5 Gt/a) may have local influences with less impact on the coastal current and downstream-located ice shelves. Also, Prince Harald IS, which has a negative melt rate in RJMS, has a large melt rate in the simulations.
Water masses on the continental shelf off Amery IS resemble the cold water ice shelf situation. The overall simulated melt rates of Amery and Publications IS are small and close to observed melt rates. However, the melt rate pattern of Amery deviates from the observed pattern as only small areas contain marine ice formation near the ice front in the simulations. Amery IS has a small positive trend (0.1 m/a, both runs) of melt during the integration period, which is opposite to the small negative trend of 20.1 m/a of other ice shelves in this sector. West IS is one of the few ice shelves in the L050 and L100 simulations where an increase of vertical resolution increases the model-data difference in area-averaged melt rate and mass loss.
Pacific Ocean Sector
The Pacific Sector contains smaller ice shelves with an average RJMS melt rate of 3.7 m/a. The mean modeled melt rate (1.02 m/a in L100) underestimates this considerably ( Figure 7 and Table 1 ) except in the The ice shelves downstream of Cape Adare are either too small (e.g., Dibble and Holmes IS) to be affected by or to impact the coastal current with higher melt rates. Also, the bathymetry might not allow exchanges between subcavity and continental shelf water masses. This means less impact on these ice shelves by additional amounts of freshwater in the coastal current due to upstream ice shelf-ocean interaction.
The L100 melt rates for Totten IS (1.51 m/a) and Moscow University IS (2.80 m/a) are below the RJMS melt rates of 10.5 m/a and 4.7 m/a, respectively. Bathymetry as well as grid spacing are the main causes for the discrepancies. Khazendar et al. [2013] needed to adjust the existing near-shore bathymetry for Totten and Moscow University IS in their regional high-resolution model to obtain basal melt rate close to estimates derived from satellite data.
Overall, ice shelves in this sector are comprised by a small number of grid points. Thus, it is not possible to distinguish a spatial variance pattern between ice shelf front and the rest of the cavity. Totten IS, e.g., should have a more refined melt pattern, with large variance at the ice shelf front and little in the deep cavity.
Ross Sea Sector
The mean basal melt rate (0.51 m/a in L100 and 0.81 m/a in L050) for this sector is in good agreement compared to the RJMS estimates of 0.33 m/a (Figure 7 and Table 1 ). Next to the large Ross IS in the center of the sector, areas of interest lie to the east and west of Ross IS. The eastern part represents the region with water masses flowing toward the Ross IS. That means that ice shelf-ocean interactions in this part have the potential to influence the melt/freeze behavior of the Ross IS. The western part represents the outflow region whose water masses impact downstream-located ice shelves in the Ross Sea as well as along the continental shelf. The melt rates of ice shelves in the eastern region of the Ross Sea sector (Nickerson and Sulzberger IS) are overestimated compared to RJMS melt rates (Figure 7) . The large melt rates result in large basal mass loss and hence a large freshwater input modifying water masses that subsequently enter the Ross IS cavity. This pattern of higher mass loss holds from Getz IS to the eastern Ross Sea sector. Hence, water masses on the thin continental shelf flowing toward the Ross IS are misrepresented. In turn they are the cause for higher modeled melt rates in the eastern part of the Ross IS, the region to the east of Roosevelt Island (Figure 8, right column) . The water masses in the eastern part of the cavity are seen as lower salinity and warmer temperatures in the T/S diagram (Figure 10) , distinct from the rest of the T/S characteristics of the cavity. The difference between L050 and L100 is small, with L100 being slightly more saline. The temperature of the inflow into the cavity is too warm and is not compensated by a finer resolution at the base of the ice shelf as seen in Filchner IS or Pine Island IS. A higher vertical resolution does not change the properties of the water column enough to better represent the melting in the eastern part of the Ross Sea Sector nor the Ross IS. Finer horizontal grid spacing accompanied with a high number of vertical levels is likely to result in a better representation of the water masses on the continental shelf around Nickerson and Sulzberger IS and along the continental shelf slope, which in turn would result in reduced melting of the eastern Ross IS.
Apart from high melting in the eastern region of the Ross IS, the melt rate and pattern of the central and western Ross IS are in good agreement with observations. Despite the coarse horizontal grid spacing of L050 and L100, a wave like pattern in the central part of the ice shelf seen in RJMS is found in the model results. It reflects the melting due to depth changes at the base of the ice shelf as a result of crevassing
The simulated melt rates in the western region of the Ross Sea Sector are only slightly lower than observed. The mass loss of the ice shelves in this area is small and slightly underestimated, with little fresh water input (Figure 7) . The warm temperatures at high salinities (L100, Figure 10c ) are found in the deepest part of the western Ross IS cavity, where they remain due to their density.
Amundsen-Bellingshausen Seas
The Amundsen-Bellingshausen Seas Sector is the most interesting sector to compare model results to observations since the largest observed Antarctic mass loss occurs in this region [Rignot et al., 2008 . Of Journal of Geophysical Research: Oceans 10.1002/2015JC011117 particular interest are Pine Island and Thwaites Glaciers, as well as Getz IS, which contribute a large amount of freshwater to the water column and in turn affect downstream-lying ice shelves, e.g., in the Ross Sea Sector.
The model resolution is too coarse to compare melt rate pattern in small ice streams like Pine Island Glacier. Similarly, bathymetric features like the seamount below Pine Island IS shown in Jenkins et al. [2010] , are not properly resolved.
The melt rates of Pine Island and Getz IS in L050 are larger than observed while that of Thwaites is lower (Figure 7 and Table 1 ). The increase in vertical layers decreases the melt rate in all three ice shelves. Contrary to Pine Island and Thwaites IS, Getz IS model results are higher, possibly not only due to the coarse horizontal grid spacing but also due to the fact that the shape of the cavity is less well known.
In L050, the vertical temperature section of Pine Island Bay (Figure 11) shows that the pycnocline in the cavity is broad and less defined. Warmer waters enter the cavity leading to higher than observed melting. Thinner levels (L100) in the subice cavities improve the representation of a thin cold layer of water at the base of the ice shelf. This improves the representation of the water column [see Jenkins et al., 2010] but reduces the melting to lower than observed values. In L050 the temperatures at the base of the ice shelf are higher by about 0.58C.
The mean T/S characteristics of the cavities in this sector show little differences between runs, with L100 values on the saltier side ( Figure 10 ). Less melting means less freshwater input into the water column, which leads to a saltier water column.
Melt rates in the Bellingshausen Sea are overestimated in L050 and reduced closer to RJMS in L100, with the exception of Bach IS, which shows the same feature as Larsen and Amery IS, i.e., higher melt rate in L100 than in L050. Stange and Abbot show the same feature as Pine Island IS, i.e., the increase in vertical levels reduces melting to lower than observed values. Wilkins IS melt rates are similar to observations in both simulations.
The largest modeled mass loss is found in Getz and George VI IS (272 6 20 Gt/a and 201 6 22 Gt/a, respectively, in L100). Getz IS mass loss is larger than observations, possibly because the shape of the cavity in terms of bathymetry and ice shelf thickness is not well known. George VI IS melt rates are higher because of the coarse grid spacing that required an artificial opening of the eastern entrance of the ice shelf needed to allow flow through the cavity.
Not only are George VI melt rates higher compared to observations but L050 rates are almost double compared to L100. The circulation on the continental shelf, which is associated with the inflow of warmer water into the western part of the cavity, is slightly higher in L050 than in L100. This leads to higher melt rates. By way of contrast, the melt behavior of Bach Ice Shelf, which is in the inflow area of this warmer water, shows lower melt rates in L050. The distribution of the vertical levels allows more warm water to enter the Bach cavity in the bottom levels of L100 than in L050. Hence, the lower levels at the entrance of Bach IS are warmer in L100 compared to L050. This increases the melt of Bach IS in L100 and subsequently the outflow of ISW at the base of the ice shelf, setting up an ice pump circulation, which draws warmer water at the bottom and leads to more melt.
Causes of Model-Data Differences in Basal Melt
In the previous section, we compared the RJMS estimates of ice shelf basal melt rates and patterns to the L050 and L100 numerical simulations. Both simulations were carried out in a model configuration with 18 km horizontal grid spacing and using the steady state assumption, that is, with time-invariant sub-iceshelf cavity shape. We find that cold water ice shelves in the Weddell and Ross Seas are reasonably well represented, provided that vertical resolution is sufficient, but warm water ice shelves, like the ones in the Amundsen-Bellingshausen Sea, have large discrepancies relative to observed melt rates. In this section, we discuss some possible causes for these model-data differences.
A principal reason for observed-to-simulated basal melt rate differences is model resolution. With 18 km horizontal grid spacing, the representation of grounding lines and zones in sub-ice-shelf cavities is marginal, that is, the locations of the deepest part of the cavities are displaced relative to their real locations. According to RJMS, the largest melting occurs within 20-30 km of the grounding line, which is
Journal of Geophysical Research: Oceans 10.1002/2015JC011117 approximately one grid point in our simulations. While high basal melt values are simulated near the grounding line of the Filchner Ronne IS, this is not the case for smaller ice shelves, e.g., the Pine Island IS. This difference is in part caused by the model representation of the troughs where ice streams join ice shelves; while these are reasonably well resolved for the Filchner Ronne IS with an 18 km grid, this is not the case for the smaller ice shelves. Furthermore, bathymetric features, such as seamounts inside the cavity, are smoothed resulting in different circulation patterns and hence in different melt patterns [e.g., Schodlok et al., 2012] .
Model grid spacing is of importance not only in the sub-ice-shelf cavities but also on the continental shelf. For example, Schodlok et al. [2012] showed that an eastern channel on the continental shelf is a main supply route of heat for Pine Island Glacier. In our circumpolar model simulations, the coarse resolution smooths the bathymetry and changes the route of warm waters toward the cavity. Also, the flow of water masses toward the eastern Ross IS is misrepresented regardless of vertical discretization. Warmer than observed waters on the narrow continental shelf are allowed to enter the Eastern Ross IS cavity leading to higher than observed melt rates. Decreasing the horizontal grid spacing would improve the representation of the narrow continental shelves and the structure of the adjacent water masses.
Recent observations, e.g., from Operation IceBridge (OIB), have improved estimates of cavity shapes for the larger ice shelves and for a few smaller ice shelves in the Amundsen-Bellingshausen Seas and the Eastern Weddell Sea. This means that ice shelf-ocean interactions will be better represented in higher-resolution numerical simulations. However, there remain ice shelves, e.g., the Totten IS, for which the most recent state-of-the art bathymetry and ice shelf thickness data used in BEDMAP2 show a negative water column thickness. Modeling ice shelf cavities in these data-poor regions requires guessing the shape of the cavity in Journal of Geophysical Research: Oceans 10.1002/2015JC011117 order to allow some water to circulate from the continental shelf to the grounding line. Therefore differences in observed versus simulated basal melt rates are caused not only by poor model resolution but also by lack of accurate bathymetry in the cavities and on the continental shelf.
A source of melt rate errors and uncertainties is the parameterization of turbulent heat and freshwater exchange at the base of the ice shelves. For the 18 km-grid simulations, we used constant heat and freshwater exchange coefficients that do not vary with velocity. For the cold water ice shelf Filchner Ronne IS, this approach not only returns a realistic melt and freezing pattern over the shallow part of the ice shelves, in the vicinity of the Henry and Korff Ice Rises, but also in the deep cavity and in the troughs where the ice streams join the ice shelf. This approach works less well for the smaller, warm water ice shelves, as has been discussed by Dansereau et al. [2013] .
In general, the warm water ice shelves are smaller in extent and not as deep as the cold water ice shelves. Furthermore, the warm water ice shelves have a stronger transient response that is not captured with the steady-state cavity-shape approach. The shape of the cavity changes with consequences for water masses entering the cavity. For example, the heat exchanged can be controlled by the depth of the thermocline relative to cavity shape [De Rydt et al., 2014] .
The seasonality of atmosphere-ocean interaction is affected by the rapid retreat of sea ice from winter to spring as discussed in Sect. 4.3. The earlier onset of melt and thus freshwater input in the water column stabilizes the water column with less mixing of colder water to deeper levels. In this way, sea ice formation and retreat affect melting at the ice shelf front edge, where the largest variability was found. Khazendar et al. [2013] showed that polynya formation is important in modifying water mass properties on the continental shelf, which in turn impacts heat exchange between ocean and ice shelf. The model does not have the capability to simulate land fast ice with consequences for surface ocean circulation and polynya formation. A lack of polynyas and higher sea ice concentration near the coastline results in less atmosphere-ocean interaction and less sea ice formation, which in turn results in less HSSW formation. More heat is available to enter the cavity and contribute to basal melt.
Another source of melt rate errors is the difference between observed and simulated ice shelf areas (Table 1) . Although there is no systematic over-or underestimation of the ice shelf area, the 18 km grid spacing does not allow the grounding zone to be accurately represented. In general, a 50% limit of inclusion was applied, i.e., a grid cell is considered ice-shelf-free if it contains less than 50% of the ice shelf. In other instances the ice shelf cavity needs to be artificially increased to allow for observed circulation features. For example, grid cells needed to be added to the northern part of the George VI IS (entrance toward Marguerite Bay) in order to simulate the northward throughflow of water reported by Jenkins and Jacobs [2008] . Although this modification allows throughflow to occur, it increases the ice shelf area, resulting in higher integrated melt rates compared to observations. At the southern part George VI IS (Ronne Entrance), the simulated cavity is smaller than observed due to coarseness of model grid and inability to accurately represent the grounding line location.
Differences in Simulations With Respect to Number of Vertical Levels
In addition to differences in basal melt rates, simulations L050 and L100 also have substantial differences in water mass properties (see section 4.2). In order to understand these differences, we performed sensitivity experiments with a simplified model configuration. Specifically, we turned off all external forcing (lateral, atmospheric, and sea ice) and prescribed homogeneous initial conditions of 21.98C and 34.7 salinity. Starting from rest, homogeneous model configurations with 50 (H050) and 100 (H100) vertical levels were integrated for 1 year. The only forcing applied to H050 and H100 is from ice shelf melting and freezing.
Time series of Filchner Ice Shelf area-averaged melt rates for the H050 (gray line) and H100 (black line) simulations are shown in Figure 12a . As expected, the initial melt rate is identical for both H050 and H100, since temperature of water immediately adjacent to the ice is identical for both experiments. As the ice melts, a layer of relatively cold, fresh water forms at the base of the ice shelf, which reduces melt rate. The thinner levels adjacent to the ice in H100 have less heat capacity than those of H050 and hence they cool faster and more.
After 1 year of model integration, the melt rate of H100 is approximately half that of H050. This
Journal of Geophysical Research: Oceans 10.1002/2015JC011117 mechanism is also discussed in Losch [2008] who find that the thicker the vertical levels in simulated ice shelf cavities, the higher the melt rate.
Although both H050 and H100 are initially at rest, buoyancy forcing from melting water at the base of the ice shelf establishes horizontal gyres and vertical overturning in the two simulations. For example, the two plots of Figure 13 show that relatively strong horizontal circulation patterns are established, up to 1 Sv in magnitude after 1 year of integration, despite the absence of any other forcing apart from basal melt and refreezing. In particular note the anticyclonic gyre (negative contours) under the Filchner Ice Shelf and the cyclonic gyre (positive contours) connecting the edge of the cavity with the warmer waters of the Weddell Gyre. The time evolving strengths of horizontal circulation under and in front of Filchner Ice Shelf are documented on Figures 12b and  12c . In general the larger melt rates of H050 lead to stronger circulation features, by a factor of approximately 2, than in H100. The stronger horizontal gyre circulation of H050 leads to more warm water being transported from the shelf break to the ice shelf cavity, which in turn causes more basal melting. This mechanism explains the warmer water column of L050 versus L100 (Figure 9a versus Figure 9b and the generally larger melt rates of L050 relative to L100. The increased southward heat flux also explains the warmer water column of L050 versus L100 (Figures 9a and 9b ) and the generally larger melt rates of L050 relative to L100. For example, the southward heat transport across a section approximately at the edge of the continental shelf in the Southern Weddell Sea increases from 0.5 TW in L100 to 8.3 TW in L050. By comparison surface heating southward of that section by atmosphere and sea ice (20.6 TW in L100 and 0.2 TW in L050) is an order of magnitude smaller than the 8 TW increase in Southward heat transport. observations. For most ice shelves, the L050 simulation overestimates melt rates, which impacts stratification, sea ice formation, and circulation. The overestimation of ice shelf melt rates cools and freshens the water column, inhibits bottom water mass formation, allows warmer circumpolar waters to enter the central Weddell Sea, and erodes all preexisting Weddell Sea Bottom Water. This leads to, e.g., an overestimation of Filchner IS melting, with a mean mass loss of 534 6 40 Gt/a in L050 versus 41.9 6 10 Gt/a in the Rignot et al. [2013] observations.
In a second simulation, called L100, we increased the number of vertical levels to 100, leading to Dz 30 m in the sub-ice-shelf cavities and improved resolution of the continental shelf depth range. Thinner levels in the sub-ice-shelf cavities improve the representation of a thin, cold-water layer at the ice shelf base, thus leading to a better representation of the T/S characteristics of the water column. Thinner levels at the continental shelf depth range lead to improved representation of open-ocean to continental-shelf exchanges. This leads to to time-mean basal melt rates and patterns that are in closer agreement with the Rignot et al.
[2013] observations and to improved representation of ocean circulation within and outside the cavities and of open-ocean to continental-shelf exchanges. In particular, the melt/freezing areas of large, cold water ice shelves (Filchner-Ronne, Ross, and Amery) are well captured. In the case of Filchner Ronne, the L100 reduction of melt water input, compared to L050, leads to a warmer water column downstream near Larsen IS, which now shows higher melt rates closer to observations. The largest differences relative to observations occur under warm water ice shelves in the Amundsen-Bellingshausen Sea, where the majority of mass loss is reported to occur [Rignot et al., 2008 . While L100 melt rates are lower than L050, they are still too high compared to observations. The crude representation of the shape of the cavity on an 18 km grid and errors in the model's representation of continental shelf water masses are the primary causes for a higher heat delivery to the warm-water ice shelves, thus higher melt rates. Other sources of errors are the simplified parameterization of the turbulent exchange and uncertainties in the, possibly time evolving, shape of the sub-ice-shelf cavities
This study demonstrates that the explicit representation of thermodynamic ice-shelf cavities in ocean retrospective analyses and ocean climate models that have horizontal grid spacing of 20 km or less can lead to realistic representation of time-mean basal melt rates and patterns for the large cold water ice shelves (Filchner-Ronne, Ross, and Amery), provided that vertical grid spacing is sufficiently small to resolve sub-ice-shelf stratification. The explicit representation of thermodynamic ice-shelf cavities is a key requirement for ocean climate analyses and simulations that aim to understand impact of time-evolving ice-shelf basal melt rates on Antarctic ice sheets and global ocean circulation. Further improvements to the representation of ice shelf-ocean interactions at this horizontal resolution (20 km grid spacing) are expected to follow from spatially varying time-independent adjustment of the model's subgrid-scale parameterizations, e.g., ice-shelf turbulent exchange coefficients, sea-ice and salt plume parameters, bottom boundary layer transport and entrainment parameters, vertical diffusivity, and the Redi [1982] and Gent and McWilliams [1990] coefficients. These improved subgrid-scale parameterizations can be informed by highresolution regional studies [e.g., Schodlok et al., 2012; Khazendar et al., 2013] or coarse-resolution parameter optimization studies, e.g., using adjoint [Heimbach and Losch, 2012] or Green's function [Nguyen et al., 2011] methods.
Appendix A Figure A1 shows thickness of vertical levels versus depth for the L050 and L100 model configurations. 
